Nitrogen dioxide is introduced into the earth's atmosphere from either natural or man made sources. Its concentration in the air is normally below 0.5 ppm, but occasionally reaches 4.0 ppm (2), and a global background level of 0.02 ppm has been estimated (11). Phytotoxicity of relatively higher concentrations of NO2 in the form of acute foliar lesions and deformations has been demonstrated in several plants (15, 22) , although the threshold level for inducing visible injury varies from species to species (7, 9) . Bean plants appear to be sensitive to NO2, as an exposure to 3.0 ppm NO2 induced leaf necrosis (19) and other physiological disturbances in the plant (4, 17, 18) . Since dissolution of NO2 in the cell sap may produce nitrate and nitrite ions, which could be assimilated into organic nitrogenous compounds by the plant, a role of NO2 as a source of N has been postulated (1). Consistent with this postulate, the rate of NO2 uptake by the leaves of seedlings raised with deficient nutrient N was considerably higher than that of those raised with adequate N levels (19 ponents oforganic N was demonstrated in beans (12) and spinach (27). Ifgaseous NO2 serves as a source ofN for plants, the nitrate level might influence assimilation of NO2. Further, if NO2 were absorbed and assimilated via the usual NO3-+NO2--+NH4+ amino acids pathway, the activity of enzymes involved in the process might be affected. The objective of this research was to examine the effect of nitrate supply on bean leaf response to NO2.
Nitrogen dioxide is introduced into the earth's atmosphere from either natural or man made sources. Its concentration in the air is normally below 0.5 ppm, but occasionally reaches 4.0 ppm (2), and a global background level of 0.02 ppm has been estimated (11) . Phytotoxicity of relatively higher concentrations of NO2 in the form of acute foliar lesions and deformations has been demonstrated in several plants (15, 22) , although the threshold level for inducing visible injury varies from species to species (7, 9) . Bean plants appear to be sensitive to NO2, as an exposure to 3.0 ppm NO2 induced leaf necrosis (19) and other physiological disturbances in the plant (4, 17, 18) . Since dissolution of NO2 in the cell sap may produce nitrate and nitrite ions, which could be assimilated into organic nitrogenous compounds by the plant, a role of NO2 as a source of N has been postulated (1) . Consistent with this postulate, the rate of NO2 uptake by the leaves of seedlings raised with deficient nutrient N was considerably higher than that of those raised with adequate N levels (19) . Further, fumigation with NO2 incsed nitrate content in pea, tomato, and tobacco (29) . Assimilation of N'502 into com- ' ponents oforganic N was demonstrated in beans (12) and spinach (27) . Ifgaseous NO2 serves as a source ofN for plants, the nitrate level might influence assimilation of NO2. Further, if NO2 were absorbed and assimilated via the usual NO3-+NO2--+NH4+ amino acids pathway, the activity of enzymes involved in the process might be affected. The objective of this research was to examine the effect of nitrate supply on bean leaf response to NO2.
MATERIALS AND METHODS Plant Material. Seeds of Phaseolus vulgaris L. cv Kinghorn
Wax were washed thoroughly with deionized H20 to remove fungicidal dust and then planted in 15-cm diameter plastic pots filled with a mixture of washed (with deionized H20) sand and vermiculite (50:50 by volume). The plants were watered daily with modified half strength Hoagland solution (3) which did not include any N. Seedlings were grown in controlled environment 75 x 75 x 75 cm plexiglass chambers for 6 d. On the 7th d seedlings were thinned to two per pot and their cotyledons were removed (to avoid interference from stored N). Thereafter they were watered with the same nutrient solution but containing the desired level of nitrate. The solutions were balanced to include equal amounts of K and Na. Treatment with nitrate was immediately followed by exposure to the desired level of NO2. The pollutant was introduced into the chamber from a gas cylinder. Control plants received charcoal filtered air. The level ofNO2 in the chamber was regulated by flow meters leaves exposed to NO2 for 3 h. Seedlings were grown for 11 d without external N. On the 12th d, they were supplied with different levels ofnitrate and subsequently (after 30 min) exposed to 0.02, 0.1, 0.5, or 2.0 ppm NO2 for 3 h.
RESULTS
Growth of Leaves and Shoots. Growth of primary leaves, as measured by area and fresh or dry weights, increased with increasing concentration of nitrate in the nutrient medium, although the increment over 5 mM nitrate was usually smaller compared with that below this level (Tables I and II) . At 0 nitrate, exposure to 0.02, 0.1, or 0.5 ppm NO2 for 5 d had either no effect or increased growth slightly. At 1 mm nitrate, 0.02 ppm NO2 had no effect, while higher levels inhibited growth. At higher levels of nutrient nitrate, NO2 inhibited growth, except for leaf area of seedlings supplied with 5 mm nitrate and treated with 0.02 ppm NO2. The inhibition of leafgrowth generally increased with increasing NO2 level.
The stimulator effect of nutrient nitrate on shoot height (Table I) (Table III) . It also incsed slightly with all levels of NO2 at 0 nitrate and with 0.02 and 0.1 ppm NO2 at 1 mm nitrate. In all other treatments with NO2, the Chl level declined; the decline increasing with increasing levels of NO2.
The effects of nitrate supply and NO2 fumigation on carotenoid content (Table III) were similar to those on Chl, although the increases with increasing levels ofNO2 at 0 nitrate were more pronounced.
Orgaic N Content. Ethanol-soluble N content of the leaves increased progressively with the increase in concentration of nutrient nitrate (Table IV) 
were the only leaves containing nitrite. In vitro NR activity also increased with increasing concentration of nutrient nitrate (Table V) . Exposure to NO2 generally increased enzyme activity appreciably at 0 to 1 mM nitrate, higher NO2 levels causing greater increases. The enzyme activity increased with NO2 exposure at 5 mm nitrate also, although the increase was not correlated with NO2 level. At higher levels (10 or 20 mM) of nitrate, NO2 had very little effect on enzyme activity.
In contrast to NR, NADH-GDH activity decreased progressively with increasing concentration of nutrient nitrate and it exhibited no consistent response to NO2 (data not shown).
Activity of NADH-GOGAT increased progessvely with increasing concentration of nutrient nitrate (Table V) . Each increase in NO2 caused an appreciable increase in enzyme activity at each concentation of nitrate, although the increase was more pronounced in the absence ofnutrient nitrate than in its presence.
Nitrate/Nitrite Contents and Substrate In on of Nitrate Reductase Activity in the Leaves Exposed to NO2 for 3 Hours. When nitrogen-deficient s lins were supplied with different levels of nitrate and were subsequently exposed to NO2 for 3 h, variable effects on nitrate/nitrite contents and NR activity were observed. The lowest level (0.02 ppm) of NO2 had no effect on any of the parameters examined (data not shown). With higher concentrations of the pollutant, the nitrate content increased in most cases (Table VI) . Generally, the increase was related to the increase in the concentration of NO2. No nitrite was detected in the leaves exposed to 0.02, 0.1, or 0.5 ppm NO2. However, the leaves exposed to In experiments with seedlings exposed to NO2 for 5 d, only a few leaves (about 10-15%) from seedlings raised with 20 mm nitrate and exposed to 0.5 ppm NO2 showed any visible symptom of injury. The symptom was seen as tiny (less than 1 mm) inconspicuous, colorless or yellowish dots on both surfaces ofthe leaves. These dots increased slightly in size when the seedlings were allowed to grow in the absence of NO2 for a further 2 d. No other treatments showed any symptoms even after this post fumigation growth period of 2 d.
In short term exposure (3 h) experiments, about 20 to 30% of the leaves from seedlings exposed to 2.0 ppm NO2 showed permanent wilting irrespective ofthe nutrient nitrate level. When the seedlings with unwilted leaves following exposure to 2.0 ppm NO2 were allowed to grow in the absence of NO2 but at varying levels of nitrate (as supplied during the exposure period) for a further 2 d, characteristic chlorotic patches appeared. As observed earlier (19) , the severity of the injury symptoms decreased with increasing concentration of nutrient nitrate. Leaves of the seedlings treated with NO2 concentrations lower than 2.0 ppm did not show any visible symptoms of injury either immediately after fumigation or after 2 d of postfumigation growth.
DISCUSSION
The growth of bean leaves was promoted slightly by NO2 in those seedlings which were raised without any nutrient N. When the nutrient solution was supplemented with 10 or 20 mm nitrate, the leaf growth was invariably inhibited or unaffected by exposure to NO2 and the inhibition generally increased with increasing NO2 levels. The shoot height was increased more than the (28) . Nitrite reductase, the second enzyme in the assimilation of nitrate, was also stimulated by exposure to NO2 in some plants (26) . Ammonium thus produced would be incorporated into glutamate through either the GDH or the GS/GOGAT pathway.
It is generally believed that the GDH pathway is operational when the primary source of N is ammonium, while the GS/ GOGAT pathway operates in the presence of nitrate as an N source (10, 14) . In conformity with this concept, the supply of nitrate in the nutrient medium stimulated GOGAT activity while it inhibited that of GDH. Further, exposure to NO2 invariably increased GOGAT activity. The results indicate therefore that the assimilation of low levels of NO2 by the leaves of N-deficient seedlings is primarily through the GS/GOGAT pathway, while milation of higher levels of the pollutant at hig levels of nutrient N may be through the GDH pathway. Assimilation (23, 29) .
Although bean leaves are able to assimilate NO2 through the usual N assimilation pathway, it should be realized that the pollutant can not serve as an alternate source ofN for the plants. The positive effects of NO2 on growth and related parameters are marginal and they are almost negligible compared with those of nutrient nitrate. Apparently, there are some other constraints as well on the assimilation of NO2 and its use as an alternative source of N. These constraints must be identified before possible exploitation of NO2 as a source of N.
In our study, exposure to NO2 at 0 nutrient nitrate increased total Chl content. This increase appeared to be due to general stimulation of chloroplast biogenesis rather than to specific assimilation of NO2 into nitrogenous precursors of Chl, as an appreciable increase in carotenoids (nonnitrogenous chloroplast pigments) was simultaneously recorded. Again, 0.1 and 0.5 ppm NO2 inhibited Chl and carotenoid contents at 10 and 20 mm nitrate, which may be the consequence of general cellular/metabolic disruptions or of specific changes in the ultrastructures of the chloroplasts. Wellburn et at. (25) observed disruptions in the ultrastructure of chloroplasts from Viciafaba leaves exposed to 3.0 ppm NO2.
The experiments also provided some scope for discussing the possible mechanism of increase in NR activity during exposure to NO2. The pollutant may increase enzyme activity either by inducing its synthesis/activity or by protecting it from deadation/inactivation. During a 5 d treatment with NO2, these effects may be brought about either directly by NO2 or indirectly by its assimilatory products. However, an appreciable increase in enzyme activity and also in nitrate content even during a 2-h (28) or 3-h (Table V) exposure rules out the latter possibility. Further, it is known that in other systems the enzyme activity increases linearly during nitrate supply for 3 to 4 h at least (cf 16) and that this increase is due to induced synthesis. It may be contemplated, therefore, that NO2 inesed NR activity through an increased level of nitrate in the leaves and that the mechanism of increase was the same as that of nitrate.
Conclusions. The experiments described permit us to come to three conclusions. (a) Effects of NO2 on growth, pigment, and nitrogenous contents and related enzyme activities are strongly influenced by nutrient N level. (b) Although NO2 is assimilated by bean leaves, it can serve as an alternate source of N to a limited extent only. (c) Assimilation of low levels of NO2 is primarily through the GS/GOGAT pathway.
